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The author wishes to express his thanks to Profes- 
sors E.J. Kilcawley and 8.V. Best for their guidance and 
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ABSTRACT 

Nine series of tests were made on soil samples 
composed of Morris, Grundy County, Illinois, illite and 
Coymereay, Long Iistand, M.Y¥., sand. The ratio of illite to 
sand was varied in each sample in order to determine the 
effect which the illite content had on the various factors 
affected by electro-osmotic treatment. Each sample was pre- 
loaded to 1/4 T/f£t-, and this load was maintained throughout 
the test. An electrosmometer was used for this series of 
tests. The voltage was maintained at a constant value of 
eof volts giving voltage gradients ranging from 1.56 - 1.56 
volt/cm. Nickel-silver electrodes were used. 

All the samples in which electro-osmosis was effec- 
tive had higher values of Atterberg limits after electro- 
osmotic treatment was completed. Liquid limit, plastic limit 
and plasticity index all increased as a result of treatment. 

A rearrangement of soil particles into three dis- 
tinct zones was observed in all samples after electro-osmosis 
had occurred. Concurrent with these three zones was a varia- 
tion in moisture content between the anode and cathode side 
of the sample. The overall moisture content was not reduced 
by electro-osmotic treatment. 

For all samples tested with the illite content 
larger than 20%, electro-osmosis did occur. Values of the 
electro-osmotic coefficient of permeability were computed, 
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maximum piezometric rise. In every case the electro-osmotic 
permeability was much greater than hydraulic permeability. 
Treatment causes a decrease in hydraulic permeability. Ef- 
forts to relate the change in hydraulic permeability and the 
difference in initial and maximum rise values of electro- 
osmotic permeability to variations in void ratio were not ‘suc- 
Scent Ulin Ghau no Speciiie relationship was obtained, 

PH values for the liquid in the two chambers of the 
electrosmometer were determined. Change in electrode weights 
for each test have been tabulated. Value of current flowing 
has been plottcd against time as has the valuc of piezometric 


rise. 
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PART I 
INTRODUCTION 

Since the beginning of recorded history man has made 
continual improvements in his material objects to make his life 
more pleasant and for his very survival in many cases. From 
the simple shelters, places of assembly, and routes of commu- 
nication of ancient times the construction industry has moved 
ever onward with unabated pace. Indeed, in today's world 
most of us assume that, if something must be constructed at a 
given location, man's ingenuity will see the job through, no 
matter how difficult it may be. That this may be done is 
largely attributable to improvements which have been made in 
construction materials, to the development of new materials 
when required, and to new methods of construction. Much of 
this advance has been due to the fact that man could control 
his oer materials and produce what he wanted for the 
job in question. 

For everything erected by man a foundation has been 
required to support it, and the soil has provided the ultimate 
semeport for all structures. Ironically, soil, the one thing 
which has been required for all structures has had relatively 
move aGcbention paid to ite It ia the material that man can 
not take and manufacture in the final desired form. In ear- 
lier times it may have been possible to select a site with 
suitable subsurface foundation conditions for most major 


structures. If so, this time is gone. With our ever growing 





Cities, Cemmmereation routes, dams, etc., it is usualig 
essential that the soil foundations be utilized at some given 
location without regard to the desirability of same. Hence, 
we as engineers must make use of what we have and even under 
the worst conditions erect a useable structure. 

It is only in the part 50-40 years that our knowl- 
edge of the physical properties of real soil has been accu- 
mulated (19). The science of soil mechanics is relatively 
new, and there are many questions which can not yet be pro- 
vided with definite answers. However, this information which 
is now available is a tremendous asset to the engineer who 
must design foundations and earth structures. 

In doing foundation work it is most desirable to 
Verk in a-dry Surrounding under atmospaeric conditions. This 
can be an expensive end to achieve, and in addition it may be 
a very difficult problem to solve. The very fact that cais- 
gems, cofifermdams, »ulkmeads, grewtimg, freezame, soil solidi- 
fication, and water removal systems have been employed under 
various conditions to eliminate the water problem indicates 
that the problem is complex. However, even such methods as 
grouting, freezing, chemical solidification, and well point 
or vacuum pumping are limited to soils which have a certain 
degree of permeability. Hence, they have been of little or 
no use in saturated clay soils which are of very low perme- 
ability and which flow easily when adjacent clay is removed. 

Once again man has had to provide a new process or 


make use of an existing, unused one to overcome the problem. 








SP Gib=<« <6 § <a 





_ 





ee ee 


3 
In this case it has been the use of electro-osmosis which is 
basically the movement of water by electrical forces. This 
phenomenon had been noted in the early 19th century but had 
not been applied to construction. Electrodes are placed in 
the soil and a direct current voltage is applied. Water moves 
from the enode to the cathode where it may be collected and 
pumped away. 

Whereas soil mechanics is a new science, electro- 
SCemosis may be considered asvone of its offspring and is 
newer still. It has been the subject of a considerable amount 
of study in the past 20-25 years. Much of the study has been 
sporadic without a continuous plan of research. However, 
through laboratory experiments and some practical applications 
it is known that it is possible to change soil properties to 
our advantage. These changes include: decreasing the water 
content, increasing bearing capacity, stabilization of slopes, 
and stabilizing construction excavation. When aluminum elec- 
trodes are used electro-osSmosis becomes an electrochemical 
process. The electrochemical action gives a permanent change 
in soil properties, whereas electro-osmosis alone usually 
provides only temporary changes. 

As with any new tool all interested parties imme- 
diately want to know when it can be used and when it can't. 
Unfortunately, this answer can not be given at this time. 

The research which has been done provides us with some good 


indications, however, there are still many factors to be 
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evaluated. A great deal of work will probably have to be done 
before electro-osmosis can be reduced to precise facts. There 
are a multitude of factors which affect the behavior of a clay 
mass. It is probable that each of these factors affect or is 
affected by the phenomenon of electro-osmosis. 

This study has been undertaken in the hope that 
something of value, no matter how small in quantity, may be 
contributed to the enlargement of our knowledge in this par- 
becular field. It is also hoped that it will help to keep 
active a continuing program of electro-osmotic research at 


Rensselaer Polytechnic Institute. 
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PAR 
HISTORICAL REVIEW 

fmsofar asi practical use is comeermed, cleetro- 
osmosis is a very new technique, as it is less than 20 years 
since Casagrande first used it (5). Many papers which have 
been presented on electro-osmosis have included a section con- 
cerning the overall history of the subject from discovery on 
up to the particular paper. Specifically, studies by Preece 
(13), Casagrande (6), and Koonce (12) cover the history of 
the subject and are considered by the author to be essential 
reading when studying electro-osmosis. Casagrande's review 
is particularly useful in that he provides additional comments 
on the individual papers which he has rewiowed. Since the re- 
ports of Preece and Casagrande are so complete and are readily 
available, the author does not believe that an extensive du- 
plication of that information is necessary here. 

A brief revieweef some of the findings whieh have 
been made and some of the applications which have been made 
does seem to be in order. Normally in a paper of this type 
only the particular aspects of the problem which the student 
is studying are reviewed. As will be evident in THEORY, there 
are so many factors which are probably all interrelated that 
no single phenomenon such as permeability or consolidation is 
being considered. The previous findings which are mentioned 
in this section are for general information only. The persons 
who are referenced are in most cases not the only ones who 


have pmodwieed similar findidmes., 
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Img 1807 Rovuss discovored that tho application of an 
oloctric potontial to 4 porous diaphragm produccd a movemont 
Of Watcremron@mic onode) to the cathode thretgh themcapillawics 
of tho diaphragm. Tho hypothcsis of a "double laycr"™ was 
formulated bys@uameko an 1e@6le This hypothcosis doponded on 
Seontancous olloctrification oxisting at tho conta@et simiace 
eae SOli@e=anad a liquid boforo any oxtornal cloctrifrem@iuioen 
took placo (11). Howcvor, it was not until 1879 that Holmholtz 
ticd the phonomcenon down by providing a mathomatical solution 
for it. Improvomonts havo boon made in his solutions. How- 
Over, is has romainod basically unchangod and providcs what is 
genorally accopted as tho basiswef cloctro-osmotic flow today, 

Caseamemdo has denesa Largo amount of roscarchiina 
tne ficld of oloeectro-osmosis. Ho has also boon tho loador in 
bme praetivceal “application of thowphonomcnon to foundation 
problloms. His oxpcrimonts lod him to apply for a patont 
(Gormany, 1934) on tho proccss of pormancntly hardening clay 
soils by using aluminum cloctrodecs (6). Ho subscquontly ob- 
wainod U.S. and Swiss patonts on this proccss. 

Aftor studying some of Casagrande'!s work, Endoll 
and Hotiman oxpcrimonted in 1956 with hardoning of clays by 
Pomme aluminum oleetrodcs (9) Thoy found that Attorborgs 
liquid limit and @ wore inercascd and statcd that the wator 
contont is substantially rcduced when a soil is so troatod. 
Wieyecemeomracd that "tho preseesa is the first onc to attompt 
to harden clay soils for ongincoring purposcs and the hardon- 


ing process is on a sound thoorctical basis." 





In 19359 Casagrande made the first large scale ap- 
plication of electro-osmosis by stabilizing a long railroad 
cut at Salzgitter, Germany. This stabilization was done as 
a result of electro-osmosis alone without the hardening in- 
fluence of aluminum electrodes. 

Practically no research was accomplished during the 
years of World War II. Hence, the majority of the studies 
have been made since 1946. 

Preece published a very interesting and readable 
paper in 1947 (13). He brought out the point that a physico- 
chemical knowledge of soils is necessary for a proper evalua- 
mon Of Soil action wader various conditions, one of whiten 
that of electro-osmosis. He reported a test which showed 
sepa cadnuLal Gdeereases in the Liquid Tinit and plasticity 
pecex*whieh is the opposite of the findings of Endetll "end 
Hoffman. Just to indicate the variables and the complexity 
of a really complete study of electro-osmosis, it should be 
noted that Preece proposed to make 23 different tests or 
analyses before and after each electrical treatment of soil. 
He also emphasizes the difference in stability achieved by 
flowing water alone and by flowing water carrying aluminum 
lons from an aluminum electrode. 

In 1948 Bernatzik presented a paper (2) which pro- 
posed to show that electro-osmosis does not cause tension in 
the pore water nor an added compressive stress in the soil. 


However, Casagrande (5) presents rather elaborate data to 





8 
prove just the opposite. It appears that the general consen- 
sus of opinion is that there is tension in the pore water. 

In 1948 Christensen found that the liquid limit and 
plasticity index were increased (8). He used aluminum elcc- 
trodes. He attributed the changes to base exchange and noted 
that the effects were more pronounced at the cathode. ‘Water 
poured in at the amode was found to move to the cathode. 
Cracks developed in the sample. The soil also consolidated 
Geeroay deal Gc only to the Soslectrical action. 

Geuze, de Buryn, and Joustra made studies of per- 
meability and electro-osmotic head, among other items, and 
reported on their findings also in 1948 (10). They developed 
an equation for height of rise or electro~-osmotic head and 
made measurements in an electro-osmometer to check the mathe- 
matical results. The head theoretically becomes maximum at 
an infinite time. Actually the head was found to reach a 
maximum and then gradually decrease. 

Vey (2) in 1949 concluded that electro-osmosis pro- 
duces an additional consolidation load which is more effective 
in producing consolidation when the soil is under an applied 
load. 

Spangler and King tested the bearing capacity of 
clays soils by using small aluminum coated piles as the 
electrodes (17). They found that after a certain amount of 
treatment the bearing capacity was greatly increased. How- 


ever, further treatment showed a marked reduction which was 








believed to be caused by a decrease in skin friction. They 
also showed a higher bearing capacity was produced when the 
percentage of clay sizes, 2 microns, was increased. 

An importame Tactor in practical application of 
electro-osmosis is pointed out in Casagrande's paper of 
1952 (5). This is that a very small decrease in moisture 
Mencems is sufficient to produce the required stability in 
many cases. He further indicates that electro-osmosis would 
not normally be an economical method of decreasing the mois- 
ture content to any considerable extent. 

Shukla's studies in 1953 (16) showed, after treat- 
ment,''a decrease of plasticity and an increase of shear 
strength, permeability, compressibility, compaction density 
and structure depending on the mineralogical composition." 

He noted a marked reduction in liquid limit but not in plastic 
limit. He found aluminum hydroxide precipitated in the soil 
and presumed that it acted as a soil binder similar to cal- 
cium carbonate. 

Butler (3) and Tarran (18) reached some identical 
Conclusions in their studies in 1955. They reported a defi- 
nite increase in consolidation, increases in Atterbergs limits, 
and substantial decreases in moisture content. Tarran noted 
that electro-osmosis decreased the time for complete consoli- 
dation for the smaller load increments but had either no 
noticeable effect or caused an increase in time for the larger 


load increments. He also found that the coefficient of con- 





LO 
Solidation was affected to a larger degree at the lower load 
increments. 

Eromethc above outline it can be readily seon that 
various and conflicting results have been obtained from elec- 
tro-osmotic research. Some of the possible reasons for this 
will be brought out in THEORY immediately following this 


section, 
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THEORY 


A. Introduction 

Prem themaictorical review it is secn that there 
has been a large variance in the results obtained from elec- 
tro-osmosis. Many researchers put forth their own theory to 
explain a particular result. However, it is impracticable 
embry vo cover all of the theories in this paper. 

m: the s@etions week follow the basic Holme lez 
equation for electro-osmotic flow will be discussed. Since 
pie primary uee of the electresmomoter is to determine per= 
meability rolationships, the theory of this relationship will 
Bespresenbea, nlso, Somevol the theory con@erning clay soils 
will be outlined, because of the importance of electro-osmosis 
mr stabilizing clay soils. 

The reader is referred to the work of Preece (13) 
which gives a very good presentation of many of the factors 


fivolved in olectro-osmotic treatmont of clays. 


me Basic Concepts Of The Blectro=-G@smotic Phenomenon 
Miere are cervain tormea woiich are associated with 
clectro~-osmosis and which should be defined. Many people have 
an idea of what osmosis is and think that electro-osmosis is 
a Similar phenomenon. That they are different will be evident 
eum the following definitions. If two solutions of different 
concontration are separated by a suitable scmi-pcrmeable mem- 


brane, the molecules of the solvent, but not those of the 
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solute, will tond to pass through the membrano from the solu- 
tion of the Power to that of the higher concentration. This 
is called osmosis (13). 


(i) Electro-osmosis =- movement of the liquid relative to 
the solid due to an externally applied EMF. 


(ii) Streaming potential - an EMF produced by movement of 
the liquid with respect to the solid duc to hydrostatia 
pressure. 


(iii) Elcoctrophoresis - movement of the solid with respect to 
the liquid due to an externally applied EMF. 


(iv) Migration potential - an EMF produced by the movement 
of solid particles relative to the liquid (such as 
occurs during sedimentation). 

(v) Double layer - the arrangemont of ions in the liquid 
adjacent to the solid sucm that two distinct layerager 
Oppesito electrical charge exist. See Figure 1. ee 
jecent to thensoliad 2seagvery thin layer of immovaiee 
toms, and adjacent tba umis layer there is a counter 
layer of varying thickness. Any movement of water there- 
fore stops at the boundary between the two layers. 

eo) Zeva potential { § ) = that part of the total potentweall 
difference which cxists between the boundary separating 


the two layors and the outer limit of the diffuse or 
mevable layer, ser ripure Il. 


Helmholtz visualized the double layer as a condenser 
with the negative plato being the fixed layer and the positive 
plate the difuse layer, the two being parallcl and separated 
Pyea very small distancc. Applying condenscr principles ho 
was able to solve mathomatically for the zeta potential. His 
equation has been improved upon, and from the improved cqua- 


tion the quantity of liquid moved in a unit time by electro- 


Csiieetemimeassinglc capillary can bo computed as: 
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where all dimensions are in cm - g - sce system and clectro- 
Surcrcmium: ts, and 


- the clectric potential 

= te del ccurie constant of the liguid 
--the radius of the capillary 

- tho zeta potontial 

= tho wiscosity of tae liquid 

= thie length olf capillary betwoon clectrodee 


CiSoONsS Ue 


A more detailcd development of the Helmholtz equation is 
given by Vey (20). 
The above cquation can be made analogous to the 


hydraulic flow cquations by a simplc procedure (5). Let 





Ez i,, the potential gradiont, - = = ¢ , a constant (this 
iT 


can be done bocause most soil liquids have a zeta potential 
which is rolatively constant and equal for the various soils 


@ 


(5) , and r“7r = a, the cross-sectional area of the capillary. 


mo thon obtain: 


Go2c¢ i.ga for elcctro-osmotic flow 
(2) Veo =4Cy 2 
e = e 
as compared to: : 
Gh = co ip, 2 for hydraulic, laminar flow. 


) 
La are 


memea £roup of N straight capillarics in the total cross- 
Meerlonal aroa A, with a void ratio c, the rato of hydraulic 
LOW isis 


(4) Qn N 





= (a € ong taal A 
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and the corresponding rate of electro-osmotic flow would be: 

(5) Q,=N ara (<< ©) taf Sito 
Equations (4) and (5) point up the very important diffcrence 
betweon hydraulic and celectro-osmotic flow, namely that the 
cooummetony Ke and the rate of clectro-osmotic flow are ine 
Gememacnt of the size of the capillarics. Since the small 
Meteoesrzos Of ClLayusolls make it impossible to drain the som 
bY hyrdaulic flow, the possibilitios of using clcctro-osmosis 
poeereadily apparcnt. A dilagramctric comparison of clcctre= 
Samotvic flow with nydraulic fiow in a single capillary is 
shown in Figure Til. It must be kopt in mind that the cqua- 
mies soa low Comditions are wascd on idcalizod conditions 
toon do Nov CXist in clays. For oxamplc the pores arc not 
eerie, Capillarics, the void ratio is not constant during 
mrecUro-Oumesis; and porc Sizcs arc not uniform throughout 
the sample. Howovor, this docs not detract from tho useful- 
ness of the theory for visualizing what happons. 

From the Helmholtz oquation the hydrostatic pressure 


which builds up at the cathode is: 


iy 


(6 ) p. £2 ee 8) 
aie 


pence the valucs needed toe compute P directly are difficult 

to dcterminc, other methods are used to find it. Casagrande 
(4) determined theoretical and actual valucs for various types 
of soils with widcly varying pore sizes. His valucs wore in 
good agreement as long as the soil did not contain colloidal 


particles. For colloidal matcrial tho pressure devcloped 
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corresponded to much coarser matorial. Casagrande noted that 
under cloctro-osmotic treatment all soils containing colloidal 
particles fissured. He thon mado the supposition that flow 
was primarily in the fissures and not in tho pores per the 
Holmholtz theory. Voy (20) noticcd the same sort of results. 
However, he believed that clectro-osmotic flow continued in 
the poros but that hydraulic flow in the opposite direction 
Gereigi Cac rissures tended to balance the flow. 

Gouze, de Bruyn, and Joustra (10) attacked tho prob- 
Men ot decormining tho cocificicnt of pormcability ke and ga 
mead Gne to elochro-osSmotrc femecs tmeough tho usc of an 
electrosmomctor. The application of an EMF causcs water to 
Piso in a pieZometcr tube locatcd just back of the cathode. 


m@ey developed an cquation based on diffcrential flow: 


Gay Cum = 80ko U = kh) 0 
dt Fed 


where 


- hoight of risc above the constant level 
apeerno vo eb wor bie shart Of tho CEeSst 
- cross scctional aroa of piezomcter tube 
cross sectional area of sample 
Sea oeerO-Ccmemte coctiicicntof permeability 
- hydraulic coefficient of permeability 
- electrical potontial bctween clectrodes in volts 
~- distance between clectrodes 


aan Vyoy 


The solution of equation (7) gives: 
0 





Gy ko =. 2 _omm 
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Thicemeximem hetlent of rise will occur when £4 is Zero ae 


(7) abemen solving: 





(10) Ynax. = U 


tmeasmoomartion ticorotcically cxists whon t becomes infimive 
in cquation (9). However, in actual testing the rise is 
found to reach & maximum and then to decreaso from the max- 
imum with continued treatment. 

ine wdeercase in ka was attributed to tho actzomua. 

the electrodes whereby: 

"(a) The anode cupric-ions went into solution and 
had a strong flocculating powcr on the nega- 
pve Chareca soll particles. 

(bob) Tho cathode cupri-ions may cause the formation 
of insoluble copper compounds." 
The valuc of k also decreased, and this was also bolicved to 
Bo iandirccvuly due to bie sano ellcctrod@e cficetss Casagramdc 
(6) oxpcricnced the same type of results, but he was using 
platinum electrodes. He attributcs the docroase to the dc- 


ercasc in void ratio brought about by consolidation. The 


void ratio docreaso will lowor the valuos of both ko and k. 


Schand (15) points out that there are several fac- 
tors affecting electro-osmosis which the Helmholtz cquation 
decs not take into account. Those factors include oclcctrol- 
Pomoc imunc Watcr, curren. flow through the soil particles, 
Mivorarommana Gacillatjion ofetitew, and changes in the con- 
centration of the electrolyte. Thoeso factors are more pro- 
nounced in long-time laboratory tests and are not too noticec- 


able in ficld applications whore a rather stoady flow may be 





ce, 


obsorved for sevoral days. He bolieves that the results from 
BiOmniGaimeetr > Ol tome pro@cdurcs’ are mors repredembarvc of 
field conditions. To express this condition mathematically 
he difforentiated equation (9) with respect to time and ondcd 
up with the following expression of Ke at tho very start of 


the test: 





(is) ee ona ee tancx, 
OB 


where ko, F, and O are as previously dcfined, E is the poten- 
tial gradient _U_, and «.is the angle botween tho tangent to 
Meomneoientl Oleeriso VS simexncurvyo and the horizontal at szienme 
time. This valuo of kp is indopendent of k. However, Butler 
(3) obtained cxccptionally close agrecnont bctween equation 


we) and cquation (8). 


pivnough there aro many other idcas and personal 
Pucenmos or boliefis concerning various individual tosts) which 
have been run, as well as some other mathematical theories, 
the above is believed to be an adequate revicw for this set 
of tests. Additional data prescntcd in sub-section C below 


will more nearly round out the thoory of electro-osmotic flow. 


CGC. Clay Soil Factors In Electro-Qsmosis 


BiOctro-oOsmosis can not be considcorcd as simply the 
movement of watcr through pores of an inort solid. This has 
becn recognizcd by many rescarchers. Winterkorn (21) states, 
"The contral problem with respect to the engineering treatment 


of soils concerns their watcr rclationships." Vey (20) says, 
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"The phonomenon of clcecctro-osmosis is fundamentally a phenom- 
Cnon of colloid and capillary chemistry." 

"Clays are disperse systems of the colloidal products 
of Weathering inewhich secondary mincral particles of smalior 
dimonsions than 2 microns prcdominato" (1). Clays are con- 
Suutoed Of distinctly crystallincoe mincrals which are in“ turn 
Parlt up of units of alumina ard Silica. A crystal is a 
maneo-ainemoaltonal repivition of unit cclls, the structural 
arrangcmem: of Which is ca@llo@a spaco latticc. For clays 
tieeunit collls arc thessilicon = oxygen totrahcdron andeihc 
aluminum - hydroxyl oxsahcodron which when banded together by 
MmieChrosveuLe Forcos proqucc tune clomentary latticc struietumas 
callod the tetrahedral silicon sheot and the gibbsite shect 
mespecliwvely. the arranscomcny of thoso sheets to form the 
ey mimeral illite is shown in Figure IV. This is a 2-7 
lattice with adjacent lattices bound closely together by po- 
tassium atoms locatcd on the basal cloavage planc B-B. Also, 
somo of the silicon atoms may be replaced by aluminum atoms, 
and some of tho aluminum atoms may be replaccd by iron or 
magnesium. 

iv can ber sce@n tiat tne ftattice, if it wero comin 
mems tO an infinite longth, would be olcsctrically neutral, as 
there would be no unsatisficd valonces. Howcver, tho parti- 
cles arc small, and breakage along tho planc C-C gives rise 
LO Ulterteaewrod valencos. Theso unsatisfied valences cause the 
clay to be classed as activo material. Since clay particles 


~~ 


a: 
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are so small, there will be a very great nunber of unsatisfied 
vVolences per umit volume of solids, thereby causing the clay 
TO Demem GmyeocCUiIVe Mewerial, The clay tends to satisty tiie 
electrical unbalance by adsorbing ions from the surrounding 
solution. "Nature always tends to produce matter having the 
Smatilest possible amount of free surface energy, and of two 
possible combinations, that producing the least soluble con- 
meund Will have the east free energy. Adsorption of ions by 
a solid from a solution is, therefore, a preferential process! 
(13). The clay preferentially adsorbs a layer of negative 
ions which themselves attract a counter layer of positive ions 
producing the double layer. 

The thickness of the double layer and the force with 
which it is held to the solid are dependent on the size of the 
ions. Since the ions are in water, the size of the hydrated 
ions is the size which rust be considered. The original solu- 
tion may be replaced or different ions may be introduced to 
change the solution. If the new solution will result in a 
decrease in the degree of hydration or in a lower net charge 
the new ions nay replace the ions of the original double lay- 
eencither in part or in whole. This is called base exchange 
elo) . 

The zeta potential depends quantitatively upon the 
thickness of the adsorbed layer, the thickness of the diffuse 
layer, and the total potential. The total potential depends, 


in turn upon the character of the solid and the solution within 
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which it is in contact. Considering these facts and the clay 
factors outlined above, it is readily apparent as to why clay 
and electro-osmosis go hand in hand. 

It is desirable to briefly consider another aspect 
of clay, and that is the association of water films with the 
strength characteristics of clay. "Soil consistency is usu- 
ally defined as a term to designate the manifestations of the 
paysical forces of cohesion and adhesion acting within the 
soil at various moisture contents" (1). Moisture is adsorbed 
upon the surface of the clay as previously outlined. The 
force with which particles are attracted to one another will 
ieeene inverse: y Upon the threkmess of the films. Conmesten 
depends upon the summation of individual film forces and hence 
upon the total number of films. "Consequently, maximum cohe- 
Sion is obtained at that moisture content at which a moisture 
mem LS CSuaplished at all points of contact. As the thick= 
mess of the moisture film increases beyond this limit, cohe= 
sion decreases" (1). Maximum cohesion should result when the 
moisture content is at the plastic limit. Since clay in na- 
ture is normally at a moisture content in excess of the plas- 
tic limit, a reduction in moisture by base exchange or by 
simply removing some of the water would tend to increase the 
strength characteristics of the clay. 

Sonsidering all “on the factors brought Out, 2 oem 
be stated that clays are particularly adapted for electro- 


osmotic treatment. 
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MATERIALS AND APPARATUS 
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The primary requisite for undertaking thigMexper:-— 
ment, as far as equipment was concerned, was an electrosmom- 
eter. Fortunately, this device was available in the Civil 
Engineering Department. If had been constructed and used by 
Tarran (18) and Bulter (3). Its design is such that it can 
also be used as a falling head permeameter by simply raising 
the water level in the pliezometer tube and letting the water 
flow out through the overflow on the opposite side. This ar- 
Baaecnenit 2s very convenient. It permits the natural perme- 
ability to be determined after the electrical test is completed. 
In addition it is not necessary to prepare a separate sample 
for permeability testing. Some variations were made in the 
eléctrosmometer and are described in detail further on in this 
section. 

The author was also fortunate in having a variable 
Source of D.C. power availabls. This permitted the electrical 
gradient to be maintained at a value which is bclieved to be 
comparable to values which can be obtained in the field. Volt- 
age was neasured by use of a single-range D.C. voltmeter and 
current by a three-range D.C. milli-ammeter. As discussed 
later on no attempt was made to use a thermocouple to measure 


temperature changes in the sample. 
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Be the Blectrosmoneter 

A complete discussion of the design and construction 
of the electrosmometer is given by both Tarran (18) and Butler 
(3). Therefore, it is not deemed essential that such a de- 
tailed description of it be presented here. A general descrip- 
tion of it will be given. This, together with an explanation 
of changes made and an examination of the schematic drawing 
and the photographs will enable the reader to fully understand 
Mme@ceepparatus. Figure V i8 % schematic diagram of the Cieetre. 
osmometer and its electrical components. Figure VI and Fig- 
maecy Vil Shevepns clecerosmowouer in use. 

The main body of the electrosmometer is a 4.0" I.D. 
iiewto tube 15" longa wesouame collars with a 4.5" cutome 
are bonded on each end and drilled for 8 bolts which are used 
for sccuring the end plates which sandwiches the rubbor gas- 
Pers between for water tightness. A lucite sample holder fits 
inside the lucite tube and is about 1 1/8" thick. It has a 
hole 2.505" in diameter cut through it to hold the sample. 

The outside of the holder had a rough-faced, tapered cut about 
me lone made on 16 so that a 4" 0.D., 3 3/4" I.D. rubber 

"O" ring could be placed thereon to seal off the flow of water 
between adjacent sections of the osmometcr except through the 

sample. 

Various loads can be applied to the sample by chang- 
ing the weight suspended from the loading arm. This load is 


transmitted to the sample through a stainless steel plunger 
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which bears against the anode. The anode fits closely inside 
the sample holder and provides a uniform transmission of the 
load to the sample. The load is further transmitted to the 
cathode which is placed against the other end of the sample 
holder. The cathode in turn is backed up by a load bearing 
assembly which transmits the load to the end plate which in 
turn is backed up by a thrust block. The thrust block is 
securely bolted to the base so that there can be no movement, 
except for expansion or contraction of the sample. An cllip-= 
tical track, self return bushing is located between the load- 
ing assembly and the lucite tube to take any vertical compo- 
nents of thrust from the plunger. Figure VIII shows the parts 
of the main body of the electrosmometer., 

A tube on the bottom connects the spaces on the 
emede and the cathode sides so that the entire body can be 
martormiy filled. The relief tube and Pilling tube are mage 
of rigid vinyl bonded into the top of the tube. A thrcaded 
fitting is provided for the piezometer tube so that it may be 
quickly and easily removed from the electrosmometer,. The 
piezomcter tube is glass, and the one used in this experiment 
had a sass aeniae of .4395 om*, 

The electrodes, a 2.5" diameter anode and a 4.0" 
diameteor cathode, used were composed of nickel silver, fine 
grade. The wires from the power supply were soldered to the 
clectrodes. Lead-in wircs wero permanently fixcd in the re- 


spective cnd plate by passing them through rubber stoppers and 
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foreing tho stoppors into a tight fit in holes drilled in the 
end plates. 

The entiro assembly is mounted on a heavy plywood 
base which in turn is mountcd on two 2"x2"x3/16"x4!-6" angles 
running the length of tho base. Both the thrust block and 
the support for the elliptical track sclf return bushing are 
held in place by vertical bolts which pass upward through the 
basce 

Certain changos wore dosired to make the cquipment 
somewhat more versatile and/or easy to use. Since anode de- 
composition starts as soon as the curront starts to flow, it 
was desired to record the weight of the anode and also the 
eounode prior to and aftor oech Sest. This was oasily acteon- 
plashod by cutting the leads to the two clectrodos and placa 
merece and jack connection in the circuit. Banana plugs were 
Semnectod by means of a Set screw in the plug to the wire Gen= 
necting with the clectrodes A banana jack was soldered to 
each wire loading to the powor supply,» The plug fits into 
Pe jack and makes a satisfactory connection. 

Both previous users of the cquipment (18,3) indi- 
cated difficulty in getting a tight seal between the collars 
and end platos. 1/4" "oOo" rings wero previously used. Those 
had to be carefully placed for each cxporimont. This diffi- 
culty was oliminated by making some gaskets of 1/8" shcet 
tubbcra, Theygaskets wero cut 7 a7" to fit the ond plates, 


The hole in the center of cach gasket was cut somewhat smaller 
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than the 4" I.D. of the clectrosmometer to prevent any of the 
bubbles which formed from bocoming locked in. Testing under 
a relatively high static head showed that no lcaks developed. 

The inner ond of the load bearing assembly comes to 
Poedueumcder the pilozometor fdibtine. Consequently, there is 2 
large notch in the top of the bearing asscombly to permit air 
and other gasos to escape, The shaft of the bearing assembly 
Moesovoralslarge helices amet toe pormet bubbles which tem: 
Weevhin it to reach the surface. However, with the notch pillaged 
On top as required, none of the holes in the bearing assembly 
wore located at the top. It was neccssary to drill additional 
holes in the top and bottom to release the gases which were 
doveloped,. 

Raising the entire assombly by placing 2" x 4" 
planks longitudinally under the angles supporting the base 
mado it immcasureably ecasicr to tighton the thrust block and 
the self roturn bushing assombly. Prior to raising it was 
next to impossible to reach under the base and tighten them 
whilc working alonc. 

An attempt was made to connect an aspirator to the 
olectrosmomcter to de-air the water prior to testing. How- 
over, it was found that the amount of vacuum requircd to ro- 
move the air also removed some of the water. Hence, only 
rogular distilled watcr was used. 

One wsrali calibraugien was roquircd to permit: direer 


roading of the sample thickness during the tests. A circular 
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carbon disk .372 in. thick was placed in the sample holder 
just as if it were a soil sample. It was covered on each ond 
with filter paper and then placcd in the cloctrosmometcr which 
was then asscmbled for testing. With a load applied to give 
1/4 T/ft® on the disk, the brass pointer was placod at a 
marked point on the plungor and the compression dial rcad. 
With this reading known, it was possiblic to determine the 
sample thickness, since the pointcr was always placed at the 


same location. 


C. Electrical Components 


A portable power umit which had bcen roeccntly cp- 
tained by the Civil Engincecring Departmcnt was made available 
membic author. Jt is more yersavilc, much lightcr in wedele 
and cleaner than the battory source previously used (18, 3). 
mre Unit is the Fisher Powerhouse No. 9-518 manufacturod by 
ooo Fisher Scientific Company. Tho unit, when attached toma 
115 - volt 50/60 - cyclo linc, bocomes a source of continu- 
Seisiy variable direct or altornating current. A built-in @dry 
moc rectificr and filter is wsed as the dircct current soumece 
ie D.C. voltage varics from 0-10 volts and is controlled by 
merareo Glial on the front. It has a maximum current rating 
of 10 amperes. However, the current requircd in the various 
tests was mocasured in milli-amperes. At maximum current out- 
Poca tie unit has loss than 54 fipelo. Thore aro slight varia 
tions in the voltage output which are caused by variations in 


ac A.C. supply. However, the variations arc no larger than 
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aboun .sloevyorumwmaich is of no importanco in tho cilicey 22 
has on cloctro~osmosis, 

Although thero was a voltmcter on the powor unit, 
ioecouer ime be road with suitable accuracy.  TPiwemetorc, 2 
Single range, 0-5 volts, D.C. voltmctor, Weston Model 501 was 
usod. It had 0.1 volt divisions on the scale and was satis- 
iaevory in all rospccts. 

Tac ammetcr on thc power unit did not rccord tere 
curront, bocauso it was of such small magnitude. Consequcnt- 
ly, a scparate motor was required. It was a Weston Mil- 
Ammcoter, Modcol 269, No. 15184 with three rangos: O-15, 0-75, 
and 0-300 milli-ampores. Only the two lower ranges were rc- 
guircod. 

The author considered using a theormo-couplo to ro- 
cord any tcomporaturoe changes within tho sample during clcc- 
Memoal Costing. A study of the rosults obtained by Tarran 
(18) and Butler (3) indicatod that this would be wasted cffort. 
They obtaincd a maximum tomporature diffcoronce of plus 5° ¢ 
fer 8 bricf time, and the majority of the time thcre was m6 
mrt ecrcnce, since the author's serios of tosts utilized am 
evo smellor applicd voltage with subscquently smallcr curreoam 
it was assumed that temperature differences would be so small 
as to bo nogligiblec. 

iheewirecs used Tomeavinetoctrical conncctionesnew. 
Pecvcondard © cGonductor, rubber insulatod typc. The wires 


wore connoctcd to the anode and cathode by simply soldoring 
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thom to tho cxtornal faces. Aftor the banana plugs and jacks 
were installed the cxposcd metal surfaccs werc coated with 
vasolinc. This was done to prevent current loakage, clectro- 
lytic action on tho motal itsclf, and rust accumulation in 


Enc water. 
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PROCEDURE 


A. Sample Characteristics 

As indicated in THEORY and HISTORY the phe.omenon 
of electro-osmosis is not yet understood to the degree that 
twee llow an engineer to knowewaermer 10 can or Can aouse. 
successfully applied to a given soil deposit. Many factors, 
mem as type of clay, mineralogical and chemical nature wean. 
ticle size, and other material present, to mention only a few, 
affect the behavior of clay. These factors then will have 
varying effects on the cleéctro=-osinoltic phenomenon. Thereremce 
it seems essential that any study of electro-osmosis must of 
mecessity present as much information as possible concerning 
mae Characteristics of the soil. One of the defects notedim 
the review of previous studies by Casagrande (6) was the lack 
of this information. "There is a lack of reporting of vital 
Gaba Which are necessary for proper interpretation of thewre- 
sults, as e.g. the results of classification tests on the 
soils used." The purpose of this section is to present the 
data concerning characteristics of the soil as originally re- 
ceived and to indicate characteristics which changed with each 
sample tested. 

The soil samples tested were composed of illite and 
fine grained sand passing a number 40 sieve. The general 


ehiemi1cal composition of illite is: 


(OH) 4 Ky (Aly Hey Me ) (Sig.y = Aly) 05, 
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The Amcrican Fetroleun Institute (14) reports that 
the illite used occursina clay pit of the Illinois Clay Prod- 
ucts Company in the Goose Lake area, about seven miles east 
Gigiiogris in Grundy County, [llimeis. It is approximecvely 
90% pure illite with the following impurities: 2% quartz, 2% 
sericitco, 2% limonito, 2% plagioclase, about 3% pyrite and 
Mebcatcemel carbonate. 

X-ray analysis and differential thermal analysis 
(18) showed that the illite content was about 90% and that no 
kaolinite or montmorillonite were present. The difforential 
thermal analysis did show that a small amount of organic 
matter was prescnt. 

TMC Abverbere tiniivs of the illite sre: liquid wate 
te. oe Placmwac Tit 29.6, and the plasticity index 27.0. 

Beccul ematave Gy ge. (6 . 

The soil as rocéived is in a powdered form and 
meoeGs NO Preperation prior to use. The grain size distriene 
tion curve is shown in Figure IX, and it can be seen that 95% 
of the material passes a number 200 sSivve. 

ine Sond wes obtained irom 2 local building supply 
eerpeny. it was Dpreparca Tor use by sieving out the coarse 
particles and rctaining only those passing the number 40 sieve. 
The sand is obtained from Cow Bay, Long Island, and is apprc- 
prately termed Cow Bay Sand. The ninus 40 particles used in 
this study were approximately 90% angular quartz, about 9% of 


dark rock fraginents believed to be of ferro-magnesium compo- 
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Si tiOnweowemewcal amount of White Mica and scmisr, 

Tae Specific gravity of the sand particles used was 
determined to be 2.72. 

The sand as received had been washed and was judged 
toeborecloan cnough to use without further washing. The grain 
size distribution curve is shown in Figure 4A. There is an 
everlap of grain sizes with the illite. 

Attcrberg Limive worc oucainca for cach sanple pera 
Per wecsting and at the conclusion of the tost. Void raticom@was 
@etermined at the beginning of cach test. Natural permeability 


wes determined prior to and Subscqment to electrical teataung. 


Be Sample Preparation 

InVorder stor tierce Pecteot L1lite content to vypeweae. 
only dominant factor in the results onvcained, it was necessary 
Peat all samples be prepared undsr as nearly identical conmdi-— 
tions as possible. Also, it was desired that the tests be 
run under identical conditions of loading and electrical gra- 
dient. 

It was decided that the sample should be under soime 
Salil load while electro-osmosis was taking placc. Since 
some load is naturally applicd in keeping the sample properly 
scated in the elcoctrosmometer, enough additional load was 
ppelled to provide ihe T/P£tS However, to prevent any con- 
solidation from occurring other than as a result of electrical 


forces, the soil was preloaded to this value. 


~~ 
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Representative samples of illite and sand were taken 
for each sample tested. They were mixed by weight to give the 
desired illite content. The sand and illite wcre added in 
small amounts and thoroughly dry mixed. After dry mixing 
cnough water was added to bring the samplo approxiinately to 
ats liquid limit. It was mixed by hand until all material 
Semeared moist sathereswhdcheid ec heihcrmermixcd for scvorall 
mimutcs by &n electrical, heuswmeld type miuxcr: Noxt the 
maucrial was preligadca et uguvecn i. lors was donc by placing 
fae soil in oe spice tec eC Mcmimmeciarively thin lifts. 
FOrOUS Stones Movercdey tua i sperm apcrewecre placed on top 
and bottom of the material. The sample was then loaded for a 
Period of from 4 ToyonGoyoew ee ots tee emda bottom stones 
Supplied WitheWapererosrmevenomGminewol tac sariple. The pres 
eoauro rosultéd an Senplics Waite were praceically free of air 
fords and in Which the illite 1s believed to be adcquatcly 
mydrated. 

A portion of the sample was placed in an air tight 
jar and allowed to set for at least 24 hours. This sample was 
used for obtaining the original Attorberg limits. Allowing 
mre macverial to set resultcd in a more uniform distribution 
Seenieisturc and permitted hydration of the clay to take place 


Petore dctcrmining the limits. 


C. Assembly Of Apparatus And Samplic 


The soil was pushed from the pre-consolidation tube 


directly into the sample holdor. In order to get a known 








Preuro 


rProloadimap Of mampl Cc 
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thickness of sa@mplo and an identical thickncss for cach test 
the previously mentioned carbon disk was placcd in the anode 
side of the holder. The soil was then pushed in until firm 
contact was made with the disk, A wire type cutter was usod 
to cut the sample flush with the cathode face of the holdcr. 
A filter paper and glass plate were placcd over the exposed 
foal to prevont loss of moisturo until the sample was weighed, 
Aftcr weighing the sample the glass plates and car- 
bon disk were removed, and the sample holdcr was inscrtcd in- 
to the clectrosmoneter, This was a rather difficult procedure 
ena was? carcfully handio@. it Sts Pound that the snall rite 
"Oo" pring would stay on the small ond of the samplo holder while 
it was being inserted. The holdor was inserted at the cathode 
eed anda Slowly pushed into position, making use of a large 
rubber stopper on a4 motel rod as a pusner to apply cvon pres- 
sure to prevent binding. When tho proper position was reached, 
the pusher was placed in at the anode cnd, and the sample 
holder was then pushed toward the cathode until tho "0" ring 
became firmly seated. At this point the holder was slightly 
Meet tvs final required position. A filter paper was placed 
over the cxposcd soil and the cathode placed in position. The 
bearing assombly was then inserted and the right cnd plate 
bolted into position. Whon the bolts were tightoncd the sam- 
ple holder was automatically pushed toward the anode and 
Secolhicd fue corroey posit@on with the cathode boaring firmly 


against the sample. 
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The clectrosmometcr body was thon turned on end with 
the anode sido up. The soil was covored with a filter paper, 
and the anodo was placed in position. The plunger was sect 
against the anode, and the lcft end plate was bolted onto the 
mero collar. 

The clectrosmomcter was then placed on tho cradle, 
taeescli return bushing placed on the plunger, and the oeme- 
motor fillod with watcr. After getting the entrapped air out 
as best as could bo done, the thrust block was brought to bear 
and bolted down, and the load was applicd. Thc piczomcter 
tube was installcd, tho water resorvoir connected, and tho 
electrical leads connected to make the cquipment roady for 


timeeacwuel test. 


D. Testing Procedure 
The erfiginal Atterborgs limits wore detorminced pruie 


Memolacing the sample in the cleetrosmonator, 


Whon the sample was originally cut off a small sam- 
pees Of soil from the unuscd portion of tho mix was taken for 
the determination of initial moisture content. 

Afcer placing themsampiiewin the clcctrosmomceter amd 
applying tho load, it was left standing until thoro was no 
further movomont indicated by the compression dial. This was 
necessary for two reasons. First, the sample may not have 
been fully consolidated duc to its thickness, particularly 


for the samplos with high clay content. Second, there was 
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cortain to be somc rebound during the time that the sample was 
not undcr load. 

Aftcr consolidation was complcte the piczometcr tube 
was filled until the level was 25-30 in. above tho constant 
Peace an the filling =tubc. Tho initial pormcabilagyeot tac 
Samplo was thon detcrmined after the watcr had fallen for a 
Sreseablo longth of time, goncrally 5-4 hours. The hoadaen 
both sides of the clectrosmomctor was thon cqualizcd by opoen- 
ing the bottom connecting tubc. 

With the heads cqual the bottom tubc was clampod 
pam again, and the pomer turned on. A potential of 1.5 volge 
por cm was maintained throughout the tost. Current flowing, 
Meipht of rise in the piczometor tubo, compression dial read 
mie, Ond time wore recordcd umtil tho height of riso was dete 
meetoly past its maxigum valuo. Accuratc values for height 
merise Worc rather difficult to obtain duc to bubbles of gas 
waach formod at the cathode. These bubblos were particular= 
ieeecroublosome in that thcy formed on the cross picccs of Wie 
Moning assembly and did not come froc of their own accord 
timer) thoy bocame quitc large. However, by gcntly tilting 
few bacgo of tho electrosmomctor and by squcczing on the bottom 
connecting tube onough to agitate the watcr, it was possible 
to dislodge a large part of the gas just prior to making a 
reading. 

Wimem Uno Tisc Was detinitcly past its poak value 


the powor was turned off, and tho current and EMF induced into 
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the soil was dctcrmincd by reversing tho ammctcr loads. 

The piozomotcr tubo was filled again, and the pocr- 
moability of tho samplc dotorminod again. The heads were 
again cqualized, 

The watcr was romoveod from the olcctrosmonctcr. 
This was done without oponing the bottom tubo in ordcr that 
aamoros Of watcr from both the cathodc chambor and thevanage 
eeomocr could be collecetod without mixing. Of coursc, When 
tac hoads wore cqualizcd, some of tho cathodc watcr passed 
mace LnO anode space. Tho wetor samplos wore tostcd for pH 
meno bY USine a pH mctcry 

A£ftor drainage was complcte the samplo was romoved 
Pron thao Ccloetrosmomstcr. Small samplos worc immcodiatocly 
mest trom thie cathodo Facc, the anode facc and the middlgg@es 
mo siiaple for moisture contcnt dctcrminations. A small Scée= 
fom OL the saémplc was sot aside for obscrvance aftocr it driicge 
S40 romaindcr had watcr added to it, was thoroughly mixcd up 
to break up the structure which had formed and then placod in 
Sumoar=tight jar for at least a day, aftcr which Atterborgs 
mime ts Wore again dctormincd. This complotcd tho tosting 


Pmocedurc for coach samplc. 
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PART VI 


RESULTS AND DISCUSSION 


A. General 

The purpose of this section is to state the results 
of the tests as observed by the author and to discuss the re- 
sults as thoroughly as possible. Due to variations in mate- 
rial and equipment used and due to incomplete information of 
the exact procedure used by other investigators, it is rather 
mer icult to correlate the results obtained with the results 
obtained by them. However, where basic similarities or ob- 
vious differences exist, discussion is made of the similarity 
or daftfemenc cx 

Since the test results follow a general pattern for 
all! tests» this general section will include those results 
which seem to hold most uniformly for all samples tested. 
This will save a lot of needless repitition which would re- 
sult if each sample tested were discussed separately. Varia- 
tion of a particular result for an individual sample is also 
covered in the general section. Due to extreme variations in 
results, the 90% illite, 10% sand, the 20% illite, 80% sand 
and the 60% illite, 40% sand (a) samples are briefly discussed 
in separate subsections. 

To save time and space the samples are referred to 
by percentages of illite and sand respectively. In other 


words 70/30 means 70% illite and 30% sand; the first number 


in all cases is the percentage of illite. The word "treatment" 
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as used hereinafter refers to application of the electrical 
potential to the sample so that electro-osmosis occurSe 

Table 1 is a compilation of most of the results ob- 
tained during this study. This table and the graphs which 
are included for some specific results make a relatively com- 
plete picture of all the results. Raw data for each sample 
tested is tabulated in Appendix A. Sample computations appear 


in Appendix B. 


Physical Appearance 


When the sample was removed after treatment the 
cathode face was found to be quite brittle. It had a tenden- 
cy to flake off when a small sample was removed with a spatula. 
Fissures were not detectable at the cathode face as long as 
the sample was kept in the sample holder. The cathode face 
of the sample appeared to be somewhat lighter in color than 
the anode face. At the anode face the sample appeared about 
as it had before treatment. 

Only when the sample was removed from the sample 
holder did the complete change in physical appearance become 
apparent. In all samples, except the 20/80, there were three 
distinct zones. At the cathode end there was the brittle 
material for a distance of about .l1 in. Going toward the 
anode there was next a very thin zone, about .025 in. thick, 
which was very hard and quite difficult to break up and re-mix 
with the rest of the sample. When wet this zone appeared 


darker than the remainder of the soil. The rest of the sample 
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appeared as it did when initially placed in the holder. This 
definite formation of a laminated structure is in agreement 
with Casagrande's finding (7) that clay samples tended to re- 
vert to a more natural arrangement during electro-osmosis. 
Tarran (18) and Butler (3) observed the same arrangement. 

Immediately upon its removal from the sample holder, 
the cathodic zone fissured badly. A section of each treated 
sample was set aside to dry. After drying it was noted that 
the cracked, cathodic section had a tendency to curl upward 
away from the remainder of the soil with the hard, thin layer 
and the thick, anodic layer remaining intact. The thin layer 
dried out to the lightest color, the cathodic zone next dark- 
er, and the anodic zone darkest of all. When a thoroughly 
dried section was placed in water, it adsorbed the water and 
slacked so rapidly that it almost seemed to disintegrate. 
There was no evidence of any permanent hardening due to the 
nickel-silver electrodes. 

There was no method available to the author to 
determine the constituents of the three separate zones. Con- 
sequently, it is impossible to know just what caused the for- 
mation of the zones. However, it does seem logical to assume 
that the rearrangement could be the result of electro-phoresis 
plus some deposition of electrode material. The cathodic zone 


did appear to be more granular than the other zones. 
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Moisture Content 

The values of moisture content for the sample as a 
whole prior to treatment and for various zones within the 
sample after treatment are shown in Table 1. The reason for 
making the final determinations at the cathode, middle, and 
anode of the sample is that there were variations of struc- 
ture across the sample as previously mentioned. It was in- 
dicated in PROCEDURE that the sample had water added to place 
it approximately at its liquid limit so that a normal, natural 
Cilay condiwtidon would» be reedaazed. Table 1 shows that initial 
moisture contents were slightly under the liquid limit except 
for the 80/20 sample which is believed to have an incorrect 
liquid limit value. Casagrande has indicated (6) that samples 
Should be near the liquid limit when being tested for electro- 
Semotic characteristics. 

In almost every case it can be noted that after 
treatment the moisture content is lower at the cathode, higher 
at the anode, and some intermediate value in the middle which 
may be higher or lower than the initial value. This variation 
of moisture content in the middle zone is probably due to 
variations in the distance from the anode and cathode of the 
various samples taken. These changes in moisture content are 
in agreement with the results of Tarran (18) and Butler (3) 
who worked with 100% illite. Since there is a definite re- 
arrangement of soil structure, it seems likely that this change 


causes changes in the void ratio of the zones formed. The 
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change in voids would then provide an explanation for the 
change in moisture content with the zone of greater voids 
having a higher moisture content. The increase of moisture 
for the 20/80 sample at both the anode and cathode is prob- 
ably due to a loss of fine material at both faces during 
testing. It was observed that disturbances of the water 
caused fine material to leave the sample and enter the water. 
iiaSe cUuner itipomeem: Tractor to notice vs the gener— 
ally small changes of the moisture content. Although there 
is a decrease at the cathode, a close check will show that, 
considering the cross section as a whole, there is little if 
any decrease in overall moisture content. This result is 
contrary to most tests which report a substantial reduction 
of moisture. However, it is noted that most of the other in- 
vestigators have used higher electrical gradients. The 
author's results agree more closely with field applications 


where the gradient is also low. 


Atterberg Limits 

The values of Atterberg limits before and after 
treatment are shown in Table l, 

Due Go time elimitamons thesewadues for liquid limit 
are based on only one determination for each sample. If more 
values could have been obtained it is believed that more uni- 
form results would be produced. It seems that either the 
80/20 or the 90/10 value must be in error. Regardless of 


these inaccuracies, it is the changes which took place as a 
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result of treatment that is important. In every case the 
liquid limit after treatment was higher than before. With 
the exception of the 60/40 (a) sample the plastic limits were 
all inereased after treatment. The plasticity index was also 
increased for every sample. There is no set pattern for the 
amount of increase of each of the limits. The 90/10, 80/20, 
and 60/40 (a) samples present the most erratic variations, 
while the remainder have rather uniform, relatively small 
changes. Since only one of each sample was tested, it is 
impossible to know what effect the time of treatment has on 
the limits. 

Other investigators have obtained results agreeing 
with these, while others have found just the opposite. Since 
Tarran (18) and Butler (3) obtained similar results for 100% 
illite it appears that the increase of limits after treatment 
is characteristic of this particular illite with the elec- 


trodes used. 


Hydraulic Permeability 
Values for the hyrdaulic coefficient of permeability, 


k,, before and after treatment are shown in Table l. 


The author has no definite explanation for the 
erratic values obtained before treatment. It could be caused 
by undetected voids in the sample or by an uneven distribu- 
tion of coarse material so that relatively porous zones ex- 
isted in certain samples. One would assume that values would 


either increase with decreasing illite content or that they 


= 
& 
— = — 
= & aS alain 
-> = e = 
- o 


a =—— oC Cs Ge 


e i 


en == ”~=~=—lCra ss ao . _ —-, 











° (Vea k= a = 
= —— ee Se 
- re. —_———— 
= a er) hte ow 
 —— — —_— a mT 

a .° af See 


3 === ee Gap ae =e & 












ere) 


would remain almost constant until the sand content became 
great enough to overcome the effect of illite activity. How- 
ever, the values as determined are all quite low prior to 
treatment except for the 20/80 sample at which point the sand 
content became so large that the material was relatively 
permeable. After treatment most of the samples had about 

the same permeability, and in all cases the samples were more 
4mpervious after treatment, except the 20/80. Since the sam- 
ples did exhibit this decreased permeability it is believed 
that it was due to the rearrangement of the soil. One of the 
zones formed by treatment probable was more impervious than 
the others resulting in a lower permeability for the sample 
as a whole. 

One other possibility exists which would tend to 
decrease the permeability after treatment. It was noticed 
that many small bubbles adherred to the cathode when the cur- 
rent was turned off. These bubbles remained during the final 
permeability test. It could be that gas bubbles also remained 
in the sample thereby reducing the area through which flow 
would normally occur. Since k, is inversely proportional to 
the cross sectional area of the sample, if a reduced area 
was the effective area, the value of k, would then be greater 
than as shown. A sample computation is shown in Appendix B. 

Karpoff noted (11) that a majority of the investi- 
gations which he had studied showed the sample to be more 


pervious after treatment. However, one of the samples which 
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he tested contained some illite and showed a decrease in 
permeability after treatment. Both the soil being tested 
and the electrode material probably have an effect on this 


characteristic. 


Height of Piezometric Rise and Blectro-osmotic Permeability 
since the purpose of determining the height of 


piezometric rise is to provide a means of determining the 


electro-osmotic coefficient of permeability, k the two 


@? 
factors are discussed together. The values of k, as deter- 
mined by the formula method and by the tangent method as out- 
mired inwiieeny are shew: in Table 1. The height of rise va 
time curves with corresponding tangent lines are shown in 
Pigures XII - XIX inclusive. Sample computations for obtain- 
ing k, are in Appendix B; the point of maximum rise was used 
for computing k, by the formula, 

iwBserder  bemietounming am aecurate value of k, by 
Eeunecr Method, the height of piezometric rise must be correc, 
However, as indicated in PROCEDURE, obtaining correct values 
of height of rise is impossible due to the continual dis- 
charge of gas at the cathode. Gas bubbles which formed were 
very tenacious. By tilting the base of the electrosmometer 
and by agitating the water in the cathode side by squeezing 
the flexible tube at the bottom of the cylinder it was pos- 
sible to remove the majority of the gas bubbles in some 
instances. The readings which were taken immediately there- 


after are so indicated on the raw data sheets, Appendix A. 
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Added to this inaccuracy was the inability of the author to 
obtain continuous readings from the beginning of a test until 
the maximum rise was reached. Time out for classes and for 
sleep made this impossible. Consequently the figures show- 
ing the rise vs time curves are at best the author's own in- 
terpretation of how these two factors are related. The max- 
imum rise generally decreased with decreasing illite content 
Pioeboe Haximum occurred from 17.5 to 24 hours after tite 
start, except for the 60/40 (a) sample. 

The values obtained for k, by both methods do ap- 
pear satisfactory when compared with the values of k,. The 
values of k, generally decrease with decreasing illite con- 
tent which was expected. The values obtained by formula 
range from 20 to 30 times the values for k,, while the tan- 
gent method yields values 40 to 420 times as great. The 
value of k, for the 60/40 (a) sample before treatment is 
obviously in error and is not included in the above compari- 
sons. [iis Seovo vie declifite possi biiity of removing Ghe 


water faster by electrical means than by natural drainage. 


Butler (3) was able to obtain close agreement be- 
tween formula and tangent values of Ky because his curves Had 
an early, straight line portion which very nearly coincided 
with the tangent line. This was no where the case in the 


author's tests, 


Applied Voltage 


It was originally intended to maintain a voltage 
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gradient of 1.5 volts/cm. However, when it became obvious 
that the samples would be at different thicknesses at the 
start of the various tests, it was decided to hold the voltage 
constant and let the gradient vary. Initial gradients vary 
from 1.36 - 1.56 volts/com. The values of ke obtained are 
somewhat different than would have been the case for a con- 
stant gradient. However, the general nature of the results 
as outlined above would not have changed. Also, it would 
Maeve been impossible to accurately sot the voltage for a 
constant gradient since the scale on the voltmeter was not 
large enough to obtain exact fractional values. It was pos- 
pablG LO set Ghe VOlbage au2,/ volts for each reading Waites 
was made. The re-setting of voltage was necessary because 


of variations in the voltage suppliocd to the laboratory. 


Current Changes 


tec change Gf Currenl With time is shown in Figuies 
AX ~ AATII inclusive. The current was a maximum at the start 
PenotoMm tegh, Sand 1b immediavely started to decrease. If 
decreased very rapidly during the first hour. A steady flow 
fomdmuton ume existed for a varying length of time for sack 
sample until the illite content was reduced to 30%. This 
small period of relatively uniform flow has not been gener- 
ally noted in other tests. Christensen (8) has a current vs 
time curve with a steady flow for about 20 hours. His sam- 
ple was much larger than the author's. Casagrande (4) in- 


dicates that in application the current decreases only when 
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the moisture content has been greatly reduced which was cer- 
tainly not the case here. Tarran (18) and Butler (3) do not 
indicate a period of steady current flow. Actually, there 
does not seem to be a standard answer to just why the current 
decreases as it does. It is probable that the ionization of 
the electrodes and base exchange within the sample cause a 
rapid increase of sample resistance. It may be that the 
steady flow values are approximately equal to values which 
would be obtained in field applications for the same gradient. 
In general the maximum values of current decrease 
with decreasing illite content. Casagrande (4) notes that 
the magnitude of current is dependent largely on grain size. 
Although only the 90/10 and 80/20 samples were 
tested long enough to have the current approach a relatively 
constant, low value, it is believed that this condition would 
be reached for all samples after a certain time. Time did 
not permit the tests to continue for lengthly periods. Also 
it was believed that no useful purpose would be socrved by 
continuing the test past the point of maximum piezometric 


rise. 


Changes in Electrodes 
The ehange in weighteor the electrodes for cach teagan 


is shown in Table 2. The total loss in weight for the anode 
was 6.515 gm. The cathode gained a total of .252 gm. It was 
necessary to resolder each electrode to its connecting wire 


once during the tests. The copper wires were exposed for a 


TABLE 2 


ELECTRODE WEIGHTS 


SAMPLE CATHODE WEIGHT! ANODE WEIGHT ' 
ait ad We (eererel eee 
Sand After Before After 


90/10 14oewlo ) ieee se | 576260 Some 
80/20 143.750 | 143.782 | 56.110 55.040 
70/30 Laoeree | T4on7o5 | 55.040 54.288 
60/40 (a)| 143.795 | 143.820 | *#55.685 54.936 


60/40 (b)/**145.165 | 145.209 | 53.792 53.096 


50/50 143.820 | 143.861 | 54.936 54.329 
40/60 146ye6n | T4erecie) 542529 53.792 
30/70 T25.209 | leoecooe| oa 0 76 52.588 


20/80 145.235 | 145.256 | 52.588 52.344 





' all weights in grams 
wire resoldered to anode before this test 
2% 60/40 (b) sample not tested in chronological 


order shown and wire was resoldered to the 
cathode before this test 





Ta 


short length at the point of connection and evidently were 
ionized sufficiently to causc breakage of about half of the 
individual wires. Therefore, some of the weight changes can 
be attributed to the wire. However, it is obvious that the 
anode was the principal source of weight variation. 

The anode thickness was also checked and it was 
discovered that the reduction in thickness was not uniform 
Over its area. Near the wire connection the reduction 
amounted to .O0O7 in. Between the edge of the anode and the 
emrele of Pontact™ormrhne Gap dm the plunger the reduction 
feountecad to .oCo in.” Inewreducerion over the area in compact 
with the cap on the plunger amounted to .004 in. This varia- 
Pron wseens bo Imdicate atnoneunitorm cistribution of curren 
flowing from the anode. 

Since it was not possible to conduct a chemical 
analysis of the samples or of the water in the cylinder, the 
place of deposition of the anode material is unknown. It is 
not known whether the increase in cathode weight is due to 
material from the anode or to the introduction of very fine 
material from the sample. 
pH Values 

maior Overy LOnumwicmmeucr an the cylindér Wage 
Similar appearance. The water in the cathode side remained 
clear and had no precipitate in it. The water in the anode 
side took on a faint green color, and a cream colored, fluffy 
precipitate settled out in the bottom of the cylinder. The 


pH of the water in the cathode side varied from 10.65 - 10.8 
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while that in the anode side varied from about 5.7 - 6.1. 
Facilities were not available for analyzing the water. These 
results are in agrecment with those obtained by Tarran (18) 
and Butler (3). 
Variations in Sample Thickness and Void Ratio 

The ability of electro-osmotic action to produce 
consolidation of the sample was not clearly demonstrated by 
this series of tests. Although the author has not tabulated 
fee VOLd ratio or change in thickness for each reading, a 
@aick check of the raw da@wa, Appiendix A, will indicate why 
this was not done. In some cases there was a net decrease 
in thickness and in others there was a net increase. Also, 
the manner in which the thickness varied during each test was 
not uniform. A majority of the samples did consolidate slight- 
ly and then expand, The maximum void ratio change was no 
more than about 3%. In most cases the void ratio could be 
considered as relatively constant. 

It was hoped that some relationship could be ob- 
tained between void ratio and the values of kp, before and 
after treatment as well as between void ratio and the values 
of ke obtained by the two methods. Casagrande (6) indicates 
that a straight line relationship exists between the ratio of 

C and ke. Vey (20) found a straight line relationship 


ie © 
between e and log ke. However, it seems that neither of these 





relationships is particularly meaningful. This is true be- 
cause @ could remain constant and the straight line relation- 


ship would still hold. It would be of possible value if the 
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change in void ratio could be directly rolated to the change 
in kp which results from treatment. Consequently, the author 
is inclined to believe that ionization of the anode together 
with particle rcoarrangement resulting from clectrophoresis 
causcs the changes in k,. There are no results from these 
tests which actually give an indication of the reasons for 
changes in k, with time. Base exchange, change of electrolyte 
conccntration, and change of zeta potential are all obvious 


possibilities. 


Vales or Ini oieveid Prarie tabulated in Tabled: 
show a generally decreasing value as the illite content de- 
peetaeraisy. This was to be expected. The author has indicated 
the void ratio at the start of cach test on the raw data 
sheets. This will pormit any interested reader to quickly 
moo the void ratio for any particular reading if he so 
desires. 

It should be noted that there is generally a defi- 
nite decroase in void ratio at the start of a test as com- 
pared to that listed as the initial value. It was hoped that 
the values would be almost equal for a given sample, since 
each sample was inserted the same distance into the sample 
holder. It is believed that the sample may have been pulled 
slightly outward and perhaps tilted during the process of 
cutting the sample off. This, together with rebound, would 
mako the sample thinner at thesstart of the test than at the 
time it was placed in the holder. The accuracy of either 


value is somewhat doubtful to say the least. 
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Induced Voltage in Samples 

After the power supply was turned off a small cur- 
rent was found to be flowing in a direction opposite to the 
normal supply current. This was true for each sample tested. 
The current varied from 1.3 - 4.5 ma, and the voltage across 
the sample varied from .2-.7 volt. The higher values of both 
Securred in the samples Navime the highest illite contenur 
Mie amount of current and voltage both decreased as soon as 
the circuit was closed to allow continuous flow. After one 
test this current was allowed to flow for about 24 hours after 
which time the current and voltage were about half of the 
initial values. 

Production of a streaming potential is a well 
known phcnomena of electro-osmosis. Since the streaming 
potential opposes the applied potential, it appears that this 
residual potential could be a result of the streaming poten- 
tial. The author had believod that the streaming potential 
existed only while the water was passing through the soil. 

ii this is so, the residual potential may be one which is 
built up solely by the soil in resistance to the applied po- 
tential. 

Since this potential opposes the applied potential, 
it acts as an increased resistance and could account for some 
of' the decrease in current previously discussed. However, 
the low values of current flowing from the sample would in- 
dicate that it would not be the predominant factor in causing 


a reduction in flow of current, 
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B. 90% Illite, 10% Sand Test 


One look at Figure XII is cnough to indicate that 
something was differcnt from the other tests. The height of 
rise quickly rcached a maximum and remained there throughout 
the test. The basic cause of this was the formation of gas 
bubbles in the cathode side of the cylinder. This was the 
first test run by the author, and it was rather startling to 
say the least. The bubbles formed finally into one large 
bubble which started at the right end plate and progressed 
toward the opening leading to tho piezometer tube. It was 
felt that a large part of the bubble would pass upward through 
the piczometer tube as soon as the opening was reached. How- 
ever, tnais did Not oceur, and the bubble continued to grommin 
size. After the hoight of rise had reached its constant val- 
ue of 58 cm the size of the bubble also remained constant, 
However, small bubbles of gas did continue to pass upward 
through the piczometer tube. When the author realized that 
fas CONCition could continue indefinitely a stecl rod av- 
tached to a string was dropped down the pieczomcter tubc. 

This disturbance was sufficient to cause the water in the 
DPiczometer tube to drop to an elevation of about 17 cm. Dur- 
ing the test a yellow colored flocculent substancsc developed 
Pip Oulmcm@ambors of tiescylinder., Also a strong film de- 
veloped on top of the water (at the bottom of the gas bubblc) 
in the cathode side. Tho author cannot cxplain why at least 
part of the bubble did not pass off to the atmosphere. The 


flocculeént structure is beliloved to bo the result of forcign 
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mattor in the water, on the inner faces of the electroosmo- 
moter or, on the electrodes. This should be adcquate warn- 
ing to future users of tho equipment to make certain that it 
iseproperty cleaned prior to being uscd. 

Prior to each of the remaining tests all parts of 
the electrosmometer were cleaned and rinsed in distilled 
wator. The container for the distilled water was emptied, 
cleaned and refilled with fresh distillod water. No more 


Peeplcms of this type Were cnecounvercd. 


C. 60% Illito, 40% (a) Sand Test 


Examination of Figure XV shows that the maximum 
rise obtained for the 60/40 (a) sample was much lower than 
it should have beon. Also, the decrease in rise after the 
mesamum continued until negatiwe walues were, obtained. This 
was not oxpected, but at the time the author thought it could 
wera natural ogeurronce brought about by the increasc in sand 
Genwent. Testing was continued with the 50/50 sample and 
then the 40/60 sample. When both of these yielded normal ro- 
sults another 60/40 samplo was tested, and it too was found 
to fit the normal pattern. 

The result of the 60/40 (a) test indicated a defi- 
meoou@evergalsot clectro=eamourc flows, Tho cause of this 
reversal was finally determincd to be due to the resoldcring 
of the lead in wire to the anode before the test started. 
some liquid flux was used. Although the anode was rinsed 


after the soldcring was completed and then oven dried, it is 
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believed that some of the flux remained in the metal. Con- 
sequently, when cléectro-osmosis started again the flux loft 
the anode and went into the sample. There it changed the 
concentration sufficiently to cause a reversal of the double 
Teaser weuh a’resulting ceWarigc of direction of flow. iinere 
was no other changed condition which could have caused the 


revorsal. 


D. 20% Illito, 80% Sand Test 


This test is discussed separately, because the 
hydraulic permcability became so great that olectro-osmosis 
Gid not take place. There was still a large increase of Ke 
over ky, for the 30/70 sample. The ratio of illite to sand 
that exists at the exact stopping point of electro-osmosis is 
unknown. The loss of the effect of illite on the sample was 
marked in this test. The plastic limit could not be deter- 
mined. There was so little binding of soil particles that 
Mrowaritvacion of the water in the cathode side caused fine 
material to be washed out into the anode section. This dis- 
turbance of the soil probably resulted in the increased value 
of k, after the test was over. During the test the level of 
water in the piezometer tube would fall when gas bubbles were 
released. However, the heads in the anode and cathode sides 
would quickly become equal duc to the high hydraulic perme- 
ori y. 

A 90/10 sample had been prepared for the next test. 


However, since its permeability was so great that tho top 
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surface could not be kept covered with water for 24 hours, it 
was not tested. It was possible to kcep water on the top of 
the 20/80 sample during preloading. 

Ome othor bit of useful information was obvammed 
irom vais tost. The penmeabilitty of the olectrode maveral 
was not definitely known, and thorefore, its effect on the 
permeability valucs obtained was unknown. However, after 
obtaining the high values of permcability for this sample, 
it was known that the electrodes would have no effect on the 


low values obtained for the other tests. 
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PART .V ih 
CONCLUSIONS 

When studying the conclusions it is most important 
that the conditions under which the results wore obtaincd 
prior to reaching the conchusdtons bo constantly Kept ian mind. 
The conclusions presented inethis section are based sololy 
on the rosults obtained by the author's experiments. Some 
factors which are almost universally accepted as being a re- 
sult of electro-osmotic treatment cannot be verified here. 
The fact that they arevnot recorded here does not necessarily 
mean that the author does not agrees that they generally roe- 
sult. However, the fact that they did not result only brings 
more clearly tesiocus Mao necessity of fuldyprescmting tie 
conditions under which the tests were made and keeping these 
eenGditions in mele? arma times, SPerriaent factors whitch 
should be kept in mind for this study are: 1) the low volt- 
age and voltage gradicnt employed; 2) the very small size of 
sample which was used; 3) the relatively low, total moisture 
content of the samples; and 4) the varying content of illite. 

The: Following “are rte auedor's conclusions: 

1. The electrosmometer as used does not provide 
information which will permit an accurate de- 
terminarion of Glectro-osmotic cocfficicnt of 
permeability. However, it will permit the 
user to determine relative values of hydraulic 
ana CVectro=cemevic coctricionts of permeability, 
and from this viewpoint it is an adequate picsce 
of equipment. 

ee EHlectro-osmotic treatment of preloaded, small 
samples of illite and sand while undér a con- 


stant load of 1/4 T/ft* docs not cause an ap- 
Picci ay eee dearema! Consolidation of the soil, 
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Electro~osmotic treatment of an illite and sand 
combination using nickcl-silver clectrodées re- 
Su@lts in an-ineréaseminwaiquidwliin tea pihastic 
limit, and in phasticity imdex over the values 
obtaincd for anw@intreated sample. 


Electro-osmotic treatment of an illite and sand 
combination produces three zones of varying 
moisture content within the sample. The zone 
adjacent to the cathode has the lowest moisture 
content, thesazeneé near the anode has thevhmen- 
est content, and the zone between the anode 

and cathode has an inturmediate value. For the 
sampitc aowma whomwemthecre: is ne marked chamec in 
moisture content from the value which existed 
beforecmtreaument « 


Electro-osmotic treatment of an illite and sand 
cOMbinat teomumusing nickel-sdilvor elcetrodes 
ecWanges the prysical appearance of the Soil by 
producing three distinct layers perpendicular 

vert herairec taermel frowe  & britthe, flaky 
layer is produced adjacent to the cathode; a 
very thin, hard laycr is produced on the anode 
Sidc Gi the cathodic laycr just described; aud 
a thick laycr resembling the initial sample re- 
mains between the anode and the very thin layer. 


Electro-osmotic treatment of an illite and sand 
combination with nickel-silver electrodes makes 
the soil more impervious to hydraulic flow after 
treatment. The hydraulic permeability after 
treatment is of approximately the same order of 
Mapnhivuce regardtecsso: illite content. 


Application of an external clectrical potential 
to a sample composed of illite and sand produces 
a condition of celeetro-osmotic pormeability whiten 
ranges from 20-520 times as great as the hydrau- 
mc permcabittuy eee wemevural deposit of Sika 
material should be much casier to drain by elec- 
trical methods than by natural drainage. 


The degree of clectro-osmotic permeability pro- 
duced by clectrical treatment decreases with 
decreasing Saeeimewcontent . 


The activity Of the illite is such that its in- 
fluence in permeability relationships is pre- 
dominant until the ratio of illite to sand bec- 
comes about 1 3; 3. This means that permeability 
valucs obtained by clectrical means would be much 
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largcr than the natural values until the above 
ratio is reached. Bolow this raugemene eficct 
of the «hl iste “esenoi pronounced amdmelcctro- 
osmotic flow docseney cx1d 7. 


The use of nickel-silver electrodes for cloctro- 
osmotic treatment does not produce permancnt 
hardening in a sample composed of illite and 
sand within the length of time of treatment of 
these tests. The anode decomposes and with the 
present testing facilities it is impossible to 
ascertain the effect which cach metal has on 

the electro-osmotic process. Electrodes of a 
single element should be used if possible. 


Application of an electrical potential to a 
combination of illite and sand between nickecl- 
Silver electrodcs results in an induccd EMF 
being sereated dnethessamplows The EMFeand the 
CUrrcibeprocuUccauo mu are In opposition te 

the supply voltage and current. The EMP and 
current are roadily measured and persist for an 
undetemminted longth, of tise. 
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PART VIII 
RECOMMENDATIONS 

There are a myriad of recommendations which could 
be made to improvo the results obtained from electro-osmotic 
testing. Among the morc obvious of these would be that addi- 
tional. analyses, such as chemical of water, chemical of soil, 
feray, ditlferential thermal, cte., be mado so that the acrual 
changes taking placc could be detcrmincd. However, it would 
be impossible for one person to run electro-osmotic tcsts and 
also obtain this additional data within the time available 
for doing his thesis. There are a few gencral recommenda- 
tions which the author would like to make. 

The electrode matcrial should be of a single element, 
Although it would probably still not be possible to determine 
the exact chemical action taking place, it would be csasier to 
detcrmine whether the matcrial was passing into the soil sam- 
ple or into the watcr. 

Performing tests similar to the author's but with 
diffcrcnt voltages would provide useful data on the effect of 
voltags gradicnt on producing consolidation, on decreases in 
moisture content and on variations in clectro-osmotic perme- 
ability. 

It is also recommended that tests similar to the 
author's be performed with the two other primary clay minerals, 
montmorillonite and kaolinitc, as the active material. This 


would provide an intoresting and valuable comparison of results 
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obtained under similar conditions for the differems materials. 
There are no particular recommendations to be made 

eonc®rning the cloctrosmometer. In spite of 1ts shorvcenanes 

its use is recommended, since it is believed that the relative 


ingewet aba obtained by using it is most usieful. 





APPENDIX A 


RAV DATA FOR EACH TEST 
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TABLE 3 
RAW DATA 


Sample: 90% Illite, 10% Sand 

Sample Thickness at O Hours: 1.778 cm 
Voltage Between Electrodes: 2.7 volts 
Specific Gravity: 2.756 

wera Hatio at O Hours: 12.15 


Current He. Om Comp. Dial 
Rise-CM. Reading - In. 
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TABLE 4 
RAW DATA 


Sample: 80% Illite, 20% Sand 

Sample Thickness at O Time: 1.732 cm 
Voltage Between Electrodes: 2.7 volts 
Specitic Gravity: 2.752 

Void Ratio at O Hours: .968 


Current HT. of Comp. Dial 
Time |Hours I Rise-Chi. Reading - In. 


1 
L 
2 
o 
4, 
6 
8 
g 
4. 


oe oe © © © #© @ @ 
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those readings which are most accurate due to release of 
gas just prior to reading 
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TABLE © 
RAW DATA 


Sample: 70% Illite, 30% Sand 

Sample Thickness at O Hours: 1.85 cm 
Voltage Between Electrodes: 2.7 volts 
Specific Gravity: 2.748 

Word Ratio at O Hours:  .856 


Current fie. OL Comp. Dial 
MWA Rise-CM. Reading - In. 


22/57 





those readings which are most accurate due to release of 
gas just prior to reading 


_ 
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TABLES 
RAW DATA 


Sample: 60% Illite, 40% Sand (a) 
Sample Thickness at O Hours: 1.924 cm 
Voltage Between Electrodes: 2.7 volts 
Specific Gravity: 2.744 

Void Ratio at O Hours: .82"7 


Current fi. on Comp. Dial 
Rise-CM. Reading - In. 


6/26/57 


2727/57 





those readings which are most accurate due to release of 
gas just prior to reading 
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TABLE 7 
RAW DATA 


Sample: 60% Illite, 40% Sand (b) 
Sample Thickness at O Hours: 2.00 cm 
Voltage Between Electrodes: 2.7 volts 
Specific Gravity: 2.744 

Void Ratio at O Hours: .825 


Current Ei lees Ot, Comp. Dial 
Time Y, Rise-CM. Reading - In. 


© 
oO 


1.0 
1.5 
Caw 
Lao 
one) 
4.1 
4.8 
Sao 
8.5 
0.9 





% those readings which are most accurate due to release of 
gas just prior to reading 
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TABLE 8 
RAW DATA 


Sample: 50% Illite, 50% Sand 

Sample Thickness at O Hours: 1.87 com 
Voltage Between Electrodes: 2.7 volts 
Specific Gravity: 2.740 

Void Ratio at O Hours: .754 


Current ria Of Comp. Dial 
MA Rise-CM. Reading - In. 


3/30/57 


OoOaANnrnodvonwho 
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those readings which are most accurate due to release of 
gas just prior to reading 
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TABLE 9 
RAW DATA 


Sample: 40% Illite, 60% Sand 

Sample Thickness at O Hours: 1.946 cm 
Voltage Retween Electrodes: 2.7 volts 
Beecttic Gravity: 2.756 

tesa Ratio at O Hours: .6c0 


Current Comp. Dial 
Time Hours 4 Reading - In. 





those readings which are most accurate due to release of 
gas just prior to reading 
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TABLE 10 
RAW DATA 


Sample: 30% Illite, 70% Sand 

Sample Thickness at O Hours: 1.952 
Voltage Between Electrodes: 2.7 volts 
Bpeciitic Gravity: 2.752 

Void Ratio at O Hours: .508 


Comp. Dial 
Time 


O 
© 


e @ Oo e e e a e t e e ea 
mMOoOrARAROAIPRORFROOW 
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those readings which are most accurate due to release of 
gas just prior to reading 
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TABLE 11 
RAW DATA 


Sample: 20% Illite, 80% Sand 

Sample Thickness at O Hours: 1.907 cm 
Voltage Between Electrodes: 2.7 volts 
epecwaic Gravity: 2.728 

Void Ratio at O Hours:  .925 


Current Comp. Dial 
Time Hours Ma Ss eading 


0.0 
0.0 
0.0 
0.0 
0.0 
2 
50 
0.0 
0.0 
0.0 
0.0 





* Readings taken just after release of gas. However, 
values returned almost instantly to 0.0. 


APPENDIX B 


SAMPLE COMPUTATIONS 
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SAMPLE COMPUTATIONS 
meem@ourgh tho computations required for wuhis thesis 
arc Yelaumwely simple, an cxample of cach is imeluided hercin 
so that there will be no question by the reader as to how 
certain results were obtaincd. All results are of slide 


Perce aACCUracy. 


Void Ratio 

When the carbon disk was placed in the sample holder, 
@ dial reading of .4628 was obtained. This reading was for 
SPcaickhvess of ~<oOrv2 in. Time dialgwas so positioned that the 
reading decreased as the sample thickncss increascd. Con- 
Sedueiuly, bo Get bie vacuual sample thickness it was only 
necoss@ry to subtract the reading at any timc from .4628 and 
mere! 1 ercom y™to gore. lrtialroic ratio is based Woon 
mio sanples as Laken from thee preloading tubo being 1.995 "em 
thick which is the difference in thickness between the sample 
nercder emd the carbon@d@isk plus one filter paper. The areca 
of the proloading tube with a diametcr of 2.5 in is 31.65 om 
Woile the inside arca of the sample holder with a diameter 
of 2.505 in is 31.8 cm“. This slight increase in arca causes 
a reduction in thickness of sample from 1.995 cm to 1.985 cm 
Por eume sane Initial volaime. “fore! original volume is 
63.15 com°. 
Example for 50% illite, 50% sand: 
Woilght of sample - 118.7 gm 


Moisture Content - .26l 
SPCCILIGC Lravaty = 2.74 
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W st Ww 
Wg +.261 Ws 
1.261 W. 


94 gm 
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ii 
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- 34.3 cme? 


Vy = 65.15" -034.3 = 96.85 om° 


e, - £885 = .842 
Se rs 


Pee OuMours ser stpoOn CoOmmemeinge tie electrical treatment the 

volume of voids has decreascd an amount ccqual to the diff- 

Seence in om®einal thi smiessy ees cm, anda thickness at the 
piven time, multiplied by the areca, 51.8 cm. 


Vy = 28.85 - (1.985 - 1.87) 31.8 
- 28.85 - 3.66 = 25.19 cm? 


C = Pao, LS, = Bo 4. 
04.5 


folag ratio Lor any other reading Way bs Similarly computed, 


Hydraulic Permcability 


k is computed using the standard formula for a 
falling head permeameter. 


k=-=8L i1n ho_ 
A t jew 


where 


~ area of tube (.4395 cme) 
- thickness of sample 
- cross sectional areca of sample (31.8 cm< ) 
o = elevation of water in tube above the constant 
level at start of test 
fe see we clon Of WavCramm Gubc 8G any piven time 
Simmer Start of test 
t; - time in seconds between start of test and 
reading of head, hy, 


PD © fp 


ay 


— ' oe 








TE x, = 8 a res 
‘ == 
- 71 
a 2 ‘= = 
—— 





oe 


Example for 50% illite, 50% sand: 


Ne ©4395 Xx Mowe that 27.4 
51.8 x12.540 £00095 


187 x 1078cem/sec 


k 


Blectro-osmotic Pormeability 


(a) Tangent method 

Use the formula from THEORY and the tangent line from the 
peempceol Nebehnt of rigo VSetame curve. The tangent of tie 
curve must be in the propor units of cm/sec; therefore, the 
actual plotted angle cannot be used. 


kK, = igo Tanum,. 
OU 


Example for 50% illitc, 50% sand: 
>. s400RRaeS7? x Bous 


© - “31.8 x De7 4.8 x 3600 
k, = 22.45 x 1076 ome 
. VOLt oo GC 


(o) By formula at point of maximum risc 


cal 
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ct 





GS 
©) 
Cal 
O jy 
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Example for 50% illite, 50% sand 


.187x107© x 31.8 x 75,600 


k —. »187x107°x29.3 5 04395 x 1.852 
a 2.7 
Meee x 31.8 x 75,600 
e ~40905 Xx Lease aa! ay 
- 2.03x107© eee Peenossme-o + 1.738 
C erst. x. } s/100 
Ko = 407onx 10% ome 


volt sec 
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